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ABSTRACT 
 

Surfactants are one of the most commonly found xenobiotics in municipal and industrial 

wastewater. The purpose of this study was to compare ultraviolet/ultrasonic (UV/US) and 

ultraviolet/zinc oxide (UV/ZnO) processes in the removal of LAS from aqueous media.In this 

study, a medium-pressure UV lamp (125 W), an ultrasonic device (400 W and 42 kHz), and 

ZnO nanoparticles (NPs) were used. The concentration of LAS was 0.5, 14, and 21 mg/L in all 

experiments. Contact time of 8, 16, and 24 minutes, pH of 3, 7, and 11, and NP concentrations 

of 50, 100, 150 mg/L were selected. Detergent extraction was performed using methylene blue 

active substances.The results showed that the efficiency of UV/US process in the removal of 

LAS was 89.35%, while the removal efficiency of UV/ZnO process was 81.27%. In both 

processes, the rate of detergent removal increased by elongating the contact time from 8 to 24 

minutes. The efficiency of UV/US process in LAS removal was greater than that of the UV/ZnO 

process. The findings showed that the removal efficiency of UV/US process was directly 

correlated with pH, while it had an inverse correlation with the removal efficiency of UV/ZnO 

process. 

 

Keywords: Linear alkylbenzene sulfonate, Ultraviolet light, Acoustic waves, Zinc oxide 

nanoparticles. 

 

 

INTRODUCTION 

Surfactants are one of the most commonly found xenobiotic in municipal and industrial 

wastewater, which can lead to environmental pollution by entering the environment 

[1].Surfactants are generally divided into four non-ionic, anionic, cationic, and amphoteric 

groups[2, 3]. Ionic surfactants constitute two-thirds of all surfactants and account for more than 

90% of ionic surfactants [4]. Among anionic surfactants, anionic linear alkylbenzene sulfonate 

(LAS) detergents are the most extensively used household detergents, with applications in 

washing powder, dishwashing liquid, and other household cleaners [5]. LAS can cause toxicity 

in aquatic organisms at low concentrations of approximately 1 mg/L. Considering its resistance 

to biodegradation, LAS by accumulating in the body of aquatic organisms affects the natural 

water balance and threatens the health of aquatic organisms, animals, and humans [6-8]. 

Moreover, if LAS enters water sources, it can produce negative ions and cause aquatic plants 
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to grow rapidly in aquatic environments, leading to eutrophication. Consequently, 

decomposition of aquatic plants reduces the amount of dissolved oxygen for aquatic life and 

causes sewage oxidation [9]. The average concentration of surfactants in domestic wastewater 

is 1-10 mg/L and may reach as high as 21 mg/L [10, 11]. LAS concentrations in domestic 

wastewater range from 3 to 21 mg/L [12]. It is known that anionic detergents have low purity 

due to their resistance to biological treatment. These resistant compounds, when entering the 

host environment or areas such as wastewater treatment plants, show slower decomposition or 

absorption, compared to normal compounds [13]. Therefore, they cannot be completely 

eliminated by conventional treatment methods and cause environmental problems by entering 

the host water [14]. 

Conventional methods reported so far for the removal of surfactants from water include 

chemical deposition, adsorption, membrane technology, and various biological methods, which 

are time-consuming and expensive [15]. In recent decades, advanced oxidation technologies 

have been recognized as the most efficient option for degradation of toxic substances, 

particularly in wastewater treatment plants, which have properties such as chemical stability 

and low biodegradability [16]. In advanced oxidation processes, removal of pollutants is based 

on the production of highly oxidizing free hydroxyl radicals that convert many organic 

compounds to minerals [17]. These free radicals, which are highly oxidizing, attack organic 

matter molecules, remove a hydrogen atom from the organic material, and improve degradation 

[18]. 

Ultraviolet (UV) radiation is one of the methods used in recent years for water and 

wastewater treatment. UV radiation lies along the electromagnetic spectrum in the 100-400 nm 

range and is divided into three categories: type A (315-400 nm), type B (280-315 nm), and type 

C (200-280 nm). UV disinfection of water usually occurs in the range of 200-280 nm (type C). 

When water or effluent is exposed to UV light, hydroxyl radicals are produced as strong 

oxidizers and readily oxidize organic compounds[19]. Ultrasonic (US) method is another 

important method for this purpose. In this method, the audio frequency is higher than 16 kHz, 

which exceeds the human hearing range (16-10,000 Hz). The mechanism of action of US in 

decomposition of organic compounds involves hydroxyl radical formation, thermal 

decomposition, and hydro mechanical shear force [20].  

Ultrasonic waves in the aqueous solvent lead to the formation and destruction of gas 

bubbles (cavitation) and induce high transient pressure and temperature, resulting in free 

radical formation in water (OH and OOH). These radicals penetrate into water and oxidize 

organic compounds. It is known that hydrogen peroxide is formed by free radicals (OH and 

OOH)[21]. Common advantages of UV/US method include: 1) non-production of mutagenic 

or carcinogenic byproducts; 2) low space requirements for installation of UV and US systems; 

3) lack of smell or taste disorders; and 4) lack of need for using or storing dangerous chemical 

compounds [22]. The mechanism of action in the combined UV/US system involves hydrogen 

peroxide formation by US waves from water molecules, followed by conversion to hydroxyl 

radicals by UV irradiation [23].  

The photocatalytic method using nanoparticles (NPs) is one of the advanced oxidation 

processes, which has been increasingly used in recent years, with applications in water and 

wastewater treatment. In the last two decades, photocatalysis by semiconducting materials, 

such as zinc oxide (ZnO), has attracted much attention given its high optical sensitivity, high 

stability, non-toxic nature, wide energy gap, and high efficiency in electron formation. 

Considering the energy gap property, much of the UV spectrum is absorbed by these NPs [24]. 

The catalyst cost and toxicity are some of the limitations of water treatment. ZnO NPs are 
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desirable in this respect and are being developed for widespread use [25]. Generally, the 

mechanism of action involves UV radiation of the semiconductor material and excitation of 

electrons from the valence band to the conduction band, resulting in the production of hydroxyl 

radicals [23]. The ZnO/UV process is one of the most important photocatalytic processes under 

development [26]. ZnO with a 3.2 kV band gap and wavelength of 387 nm can be excited under 

irradiation in the UVA range of 320-380 nm [27]. When ZnO NPs are exposed to UV radiation 

in the visible range, electrons are excited and activated from the valence band to the conduction 

band, creating a hole in the valence band that is highly active. They may be absorbed directly 

by the organic contaminant and react with the catalyst surface or indirectly through hydroxyl 

radicals. The activated electrons which move to the conduction band also react with organic 

materials by forming different radicals, such as superoxide and hydroxyl radicals [26]. ZnO 

has three major advantages: semiconduction with a band gap of 3.37 eV and high exciton 

binding energy (60 mV); near-UV emission; and safety and biocompatibility[25]. The most 

important advantage of ZnO is its ability to absorb a wide range of electromagnetic waves, 

besides its photocatalytic potential in exposure to UVA radiation. In fact, non-toxic ZnO has 

chemical stability at high temperature and is capable of chemical oxidation [28]. In recent 

years, application of photocatalytic processes has increased owing to the limitations of common 

methods for detergent removal from aquatic environments. These limitations include the high 

cost of chemical processes, possible formation of toxic byproducts during treatment, difficult 

transfer of a compound from one phase to another in the adsorption process, clogging of 

membranes and filtration limitations in membrane technology, high sludge production, and 

gradual process of biological methods [29]. According to the studies conducted so far, no report 

on LAS removal using two methods simultaneously included UV/US and UV/ZnO processes 

have been reported.This study aimed to provide two methods for removing pollutants without 

deteriorating environmental safety of LAS, to determine the association of synergistic effects 

of UV/US, contact time,pH, and ZnO dose for UV/ZnO processes.Therefore, considering the 

advantages of combined UV/ZnO process and UV/US radiation in the removal of LAS 

detergent, in this study, we aimed to compare these two methods and determine their efficiency 

in LAS removal. 

 

EXPERIMENT 

Measurement methods 

Methodswas measured using methylene blue active substances (MBAS) according to 

C5540 method described in the book of Standard Methods for Examination of Water and 

Wastewater [30]. 

 

Experimental procedures 

Preparation of stock solution (“mother” solution): Having a LAS solution density of 

0.8628 g/cm3, the required amount of harvesting was equal to 1.2 cc according to the formula 

[( ρ = 𝑚/𝑣)] for preparation of the mother solution. The solution was diluted to volume (1000) 

in a volumetric flask and refrigerated for one week to prevent decomposition. 

 

Preparation of standard solution 

This solution was prepared from the stock solution. To prepare a 100-ppm standard 

solution with a volume of 200 cc (v1c1=v2c2), 20 cc of the stock solution was diluted in a 200 

mL volumetric flask using distilled water; the standard solution was prepared daily.  
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Preparation of the required reagents 

Methylene blue reagent: For this purpose, 100 mg of methylene blue powder was 

dissolved in 100 mL of water, and then, 30 mL of the solution was transferred to a 1000 mL 

volumetric flask. Next, 40 mL of normal sulfuric acid (6.0 N) and 50 g of monobasic phosphate 

with a NaH2PO4.H2O molecule were added and shaken to dissolve; finally, it was diluted to a 

volume of 1000 mL.Washing solution: In a 1000 mL flask, 500 mL of water, 41 mL of normal 

sulfuric acid (6.0 N), and 50 g of monobasic sodium phosphate were added and stirred until 

completely dissolved to reach a final volume of 1 L.  

 

Complex formation and extraction 

First, 50 cc of the sample was added to a 500 cc separatory funnel. After adding a drop 

of phenolphthalein to the funnel, it was moved in circular motions. Then, one drop of NaOH 

was added until the solution turned pink. After adding a drop of 1 N sulfuric acid, the funnel 

was stirred until the solution became colorless.Methylene blue reagent (25 cc) was removed to 

form a methylene blue cation in the medium. Next, 10 mL of chloroform was added, stirred for 

about 30 seconds (a complex is formed if it is stirred for more than 30 seconds), and kept under 

static conditions. It should be noted that the aqueous phase was on top of the organic phase 

(chloroform) because it was heavier.After transferring the organic phase to a 250 cc separatory 

funnel, 10 mL of chloroform was added to the remaining solution in the 500 cc separatory 

funnel, shaken for 30 seconds, and held still; the organic phase was transferred to a 250 cc 

separatory funnel similar to the previous step.After adding 10 mL of chloroform to the 

remaining solution in the 500 cc separatory funnel, it was shaken for 30 seconds and held still; 

next, the organic phase was transferred to the 250 cc separatory funnel.A washing solution (50 

mL) was added to the 250 cc separatory funnel solution (to purify the complex solution and 

remove impurities entering the solution), shaken for 30 seconds, and held still. Next, the lower 

organic phase was transferred to a 25 cc volumetric flask; this process was repeated three times 

consecutively. Finally, the solution inside the volumetric flask (result of three repetitions) was 

brought to the desired volume with chloroform.Measurements: Absorbance was determined at 

a wavelength of 652 nm against chloroform as the control in a spectrophotometer. 

 

UV process 

 The UV lamp used in this study was a 125 W medium-pressure UV lamp with a 

wavelength of 254 nm. Because this lamp produces a lot of heat, we used an aluminum foil 

around buccal surfaces to prevent radiation exposure. Different concentrations of the sample 

(0.5, 14, and 21 mg/L) in different pH ranges (3, 7, and 11) were exposed to UV light for 8, 16, 

and 24 minutes. Finally, the detergent was extracted, and absorbance was read by a 

spectrophotometer. 

 

US process 

 A 2.5 L ultrasonic device with a frequency of 42 kHz was used in this study. The contact 

time and pH were the same as the previous stage. The detergent was extracted in the final step, 

and absorbance was read by a spectrophotometer. 

 

UV/US process 

The sample was placed in an ultrasonic device after exposure to UV irradiation within 

the same contact time as the previous stage. Finally, it was extracted, and absorbance was read. 
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UV/ZnO process 

First, LAS concentrations of 0.5, 14, and 21 mg/L were prepared, and pH was adjusted 

to 3, 7, and 11, using 1 N hydrochloric acid and 1 N NAOH. Next, 50, 100, and 150 mg/L of 

ZnO NPs were added. The solution was placed in a shaker for 30 minutes in the dark to achieve 

adsorption-desorption balance. The sample was then exposed to UV radiation for 8, 16, and 24 

minutes and passed through a Büchner funnel, connected to a pump with a 0.45 μm cellulose 

acetate filter to prevent the effect of NPs on detergent extraction. Finally, the detergent was 

extracted, and absorbance was read by a spectrophotometer. 

 

Sample size and sampling 

The sample size (total number of experiments) in the first step (UV/US method) was 

measured to be 3×3×3×3=81 according to the pH range, contact time, and different 

concentrations of LAS in three replicates of the experiment. Since the Taguchi method was 

used to analyze the data, there was no need to repeat the experiments; only the experiment with 

optimal factors was repeated three times.In the second step (UV/ZnO method), Taguchi design 

method was employed. For each concentration of the pollutant in the first, second, and third 

stages of the study, nine experiments were carried out based on the Taguchi design, and the 

removal efficiency was measured. The total number of experiments was 54; the optimal 

experiment was repeated three times. According to the Taguchi method, the factor levels were 

divided into controllable (signals) and uncontrollable (noise) in each experiment.The signal-

to-noise (S/N) ratio was measured to determine the optimal experiment or the optimal 

combination of different factor levels for an optimal response. Calculation of S/N ratio depends 

on the type of optimization. In this study, Taguchi experiment design was used to reduce the 

number of trials and decrease the cost and time required for the research. Since in this study, 

percentage of detergent removal was evaluated as the response, the goal was to optimize it[31]. 

 

RESULT AND DISCUSSION 

The results are demonstrated in graphs and tables in this section. Considering the study 

objectives, the outcomes of two UV/ZnO and UV/US processes in the removal of LAS 

detergent from synthetic solutions are presented with respect to the effects of contact time, pH, 

catalyst concentration, and LAS removal in the nanophotocatalyst process.  

 

Results of combined UV/US process 

Figures 1 and 2 illustrate the effects of pH and contact time on the sequential 

sonophotolysis process. Sonodegradation of LAS were applied for 8, 16, and 24 minutes at pH 

of 3, 7, and 11. Substantial LAS degradation was expected after 24 minutes. Based on the 

findings, degradation efficiency increased as time advanced. Based on the present results, the 

removal percentage increased with time. In this process, contact time of 24 minutes was more 

effective than other contact times, and alkaline pH=11 had greater effects than acidic pH= 3 

and neutral pH= 7. The relationship between the pH and the percentage of the detergent 

removal is significant. In order to ensure the accuracy of the results, all UV, US, and UV/US 

processes were repeated three times. The mean and standard deviation of repeated experiments 

are presented in Table 1. 

 

Synergistic effects of UV/US 
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The synergistic effect of UV/US is attributed to optical degradation, ultrasonic 

decomposition, and ozone oxidation. UV radiation with wavelengths below 200 nm causes 

oxygen to produce ozone. Therefore, UV radiation in the upper air levels of the reactor 

produces ozone, which results in the pollutant decomposition after transfer to the solution. 

However, transfer of ozone to a liquid solution is directly related to the intermediate phase 

between liquid and gas. This phase substantially expands due to the boiling of liquid surface as 

a result of ultrasound wave flow, leading to the transfer of ozone to the solution. High removal 

efficiency of the hybrid UV/US process is attributed to the sonochemical cavitation, direct 

photolysis by UV light, and oxidizing activities of ozone and hydroxyl radicals in the process 

of detergent decomposition. Overall, formation of hydroxyl radicals is associated with ozone 

photolysis, sonolysis, and thermal decomposition in cavitation bubbles[32]. In a study 

comparing the efficacy of sonolysis, photolysis, and sonoptolysis processes in organic matter 

decomposition, Mahlambi et al. concluded that combination of two methods caused a 

significant increase in phenol breakdown through three major mechanisms, including 

photochemical decomposition, sonochemical oxidation, and ozone-induced oxidation by UV 

radiation in the photosonic reactor[33]. In another study by WU on C.I. Reactive Red 198 dye 

in the sonocatalytic process, the removal efficiency of UV/US process was greater than that of 

the US process alone due to the production of oxidizing radicals in the environment[34]. 

 

Effect of catalyst concentration 

Figure 3 illustrates the effect of NP concentration on the removal of LAS detergent in the 

photocatalytic process. Increase of ZnO dose up to 50 mg/L, improved the removal efficiency, 

but 150 mg/l of nanoparticles reduced the degradation efficiency,the optimal NP concentration 

was 100 mg/L. In other words, as the catalyst concentration increases, the number of active 

sites in the solution increases and reaches a level where light penetration is ineffective owing 

to the high particle concentration.Due to photocatalytic oxidation reactions at the catalyst 

surface, as the amount of ZnO increases, the number of active sites and catalyst surface 

increase, as well; therefore, all detergent molecules are absorbed by the catalyst, resulting in a 

high rate of detergent degradation[35]. According to a study by Kaur and Singh., on the 

removal of Reactive Red 198 dye from wastewater using the photocatalytic process, an increase 

in NP mass improved the removal efficiency as the number of active sites on the catalyst 

increased, resulting in the enhancement of UV entrapment and contaminant uptake[36]. One 

study reported similar results in their study, illustrating that the excess dosage of catalys could 

cause a light-screening effect that decreases the surface area of catalyst being exposed to light 

irradiation and eventually decreases the photocatalytic efficiency[37].Hoffman et al., reported 

that the reason of decrease in the efficiency with increasing ZnO nanoparticle concentration 

was the phenomenon of nanoparticle dispersion and the lack of ZnO chain production on 

catalyst surface[38]. 

 

Effect of pH 

According to Figure 4, in an acidic medium (pH= 3), the removal efficiency was higher 

than that reported in neutral and alkaline media because of the positive charge of the catalyst 

surface in acidic environments, resulting in the adsorption of anionic detergent with negative 

charge; therefore, detergent degradation occurred and removal efficiency increased. A previous 

study showed that electrostatic repulsion occurred between the surface charge of ZnO and the 

anionic surfactant at high pH (pH= 12). Moreover, the results of a study by Mijin et al., on the 

http://www.jpacr.ub.ac.id/


J. Pure App. Chem. Res., 2021, 10 (1), 53-63 
                                                                                                                                                               16 April 2021   

X 

 

 The journal homepage www.jpacr.ub.ac.id 
p-ISSN : 2302 – 4690 | e-ISSN : 2541 – 0733 

 

59 

photocatalytic decomposition of metamitron by the UV/ZnO process revealed that the 

efficiency of photocatalytic degradation was higher at acidic pH, compared to alkaline pH[39]. 

 

Effect of contact time 

As presented in Figure 5, removal efficiency increases by elongating the contact time 

because more adsorption occurs between the detergent and NPs, which eventually leads to 

greater removal. In fact, collision of UV light with the ZnO surface leads to the release of an 

electron-hole pair. Therefore, more electrons are produced by increasing the radiation time, 

and the detergent removal efficiency increases[40]. In this regard,Ku and Jung.,in their study 

on the removal of chromium-6 using the photocatalytic process, concluded that increasing the 

contact time improves the removal efficiency[41].The optimal UV/ZnO process was repeated 

three times to ensure the accuracy of the experiments, as shown in Table 2. 

 

Comparison of UV/US and UV/ZnO processes 

According to the results, under similar conditions, including contact time and experiment 

location, the UV/US process showed greater removal efficiency than the UV- and US alone, 

and UV/ZnO processes, as shown in Figure 6. In this Figure, the UV process is shown with 

level 1, the US process is shown with level 2, the UV/ZnO process is shown with level 3, and 

the UV/US process is shown with level 4. The chemical processes of ultrasonic irradiation are 

found on the phenomenon of acoustic cavitation,  cavitation serves as a way of concentrating 

the diffused energy of ultrasound into US and UV/US reactors with the simultaneous discharge 

of reactive radicals with each reactor serving as a hot spot. In the absence of UV light, only 

around 8% of the LAS concentration decreased by physical adsorption and UV photolysis was 

able to achieve partial degradation of the LAS[42]. The addition of ZnO to the UV-illuminated 

process led to an enhancement in the removal of all LAS and increased at higher ZnO 

loading[42]. 

 

 

 
 Figure 1. Effect of pH in UV/US reactor  
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 Figure 2. Effect of contact time in US reactor 

 

  
Figure 3. Effect of concentration of ZnO in VU/ZnO reactor 

 
Figure 4. Effect of pH in UV/ZnO reactor 
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Figure 5. Effect of contact time in US reactor 

 

 
Figure 6. The removal efficiency of UV, US,UV/ZnO and UV/US processes 
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The present findings showed that the removal efficiency improved by increasing the 

contact time in all processes used to remove LAS. In the sequential UV/US process, the rate of 

detergent degradation was higher at alkaline pH compared to acidic pH, and therefore, the 

removal efficiency was higher. On the other hand, in the UV/ZnO process, the removal 

efficiency was higher at acidic pH, compared to alkaline pH. The results showed that the 

removal efficiency improved by increasing the concentration of ZnO NPs. In all processes 

evaluated in this study (UV/US and UV/ZnO), a lower pollutant concentration was associated 

with a higher removal efficiency; this finding is generally attributed to the greater efficacy of 

the produced hydroxyl radicals. Based on the findings, the removal efficiency of UV/US 

process was higher than that of the UV/ZnO process and more economically acceptable 

(because of the high cost of ZnO NPs and filtration). Also, the time required for the 

nanophotocatalyst process was longer than the time required for photosonolysis since NPs must 

remain in the dark for 15 minutes, and the sample must pass through a filter prior to extraction 

by a funnel.  
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